
I <40 A0’e 9 700 RICE UNIV HOUSTON lU F/S 12/2MATHEMATICS OF OPCRAT IONS RESEARCH. (U)
jA# i 76 A N THRAU. DAHC D~~7fl6—0fl3UNCLASSIFIED A*O iflfl ~2 M  NI.

U



%b CU RITY C*.. ASSIy ICATION O~ THIS PAGE (W~.n Dot. Ent.r.4) J4’~’I~~ ,Z~2*~/ 4.~ ~2 ?‘7)
____ 

TATION PAG E READ INSTRUCTIONSr REPO 
_ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____________________________________________________ BEFORE_COMPLETING_FORM
~ REPORT wuMsi

(~~~~2~ 114 .2_ ’~ i 
~2. 3OVT ACC ESSION NO 3. RECIPIENT ’S CATALOG MUMSIR

4. TITLE ( i d  Sublltl•) S.
__

TVP~ .~~.P—~~~,-.,. . ~~~~~uii

Fina 1~ 1 Au~~~~~~~74-1S Oct.
~~~ ‘JI~ TREMATICS O F  OPERATIONS RESE~~~~~) 

~~~~~~~~~~~~~~~~~~~~~~~ 
REPORT N!~~~~~J

~~~~~~~~ 

-- _ _ _ _ _

~~~~

p
) 

7. AU1HOR(. S. CONTRI.CT OP GRANT W~JNUE.P(.)

~~.7~~~~i22~4”76 C 0012;Arn 01? -Th

S. P~ prep~ uso ORGANIZATION NAM E AND ADDRESS 10. PROGRAM ELEMCNT~ PROJECT . TASIC
Rice Univers i ty  A REA S WORK UN*T NUMMERS

P.O. Box 1892
~~~~ Hou ston , Texas 77001

;r ~~~ 
U. S. Army Research Office 143 78 ~~~~~

II. CONTROLLING OFrICE NAME AND ADDRESS *2. REPORT DATE

Post Office Box 12211 ‘3 ________

Research Tr iangle Park , NC 27709 _______________________________ 14. MONITORING AGENCY NAME S ADORESS(SI dStI.c.I ftc. Conttoflffi~ Offlc.) IS. SECURITY C*.ASS. (of ski. r.pcst)

Li.J Unc lass i f i ed
• 

I T1. DtCL. *551 FIC ATION/DOWNGRADING
SCHEDULE

_____________________________________________________ 
NA

IS. OIST R*MUTION STATEMENT (of ski. kupo,t)S

• Approved for public release; distribution unlimited.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
D D C

I?. O~STR~poT ~~~~ STATEMENT (of A. .b.t ,act .nI., ~df f i  Stock 20, II dlfS.rai i ftc. R.pott) — 

~~~~~~~~~~ 11Tr~
FEB 8NA

IS. SuPPL. EMCNTA RY NOTES L_~3’-~ F
The f i n d i ng s  in this report are not to be construed as an official
Department of the Army posit ion, unless so designated by other authorized
documents.

*0. KEY WORDS (C.øtMu .,, ,occ, .o old. it n.c••.~~y a.d id.niSSy by block nc.bs.)

~ 

Integer programming Scheduling Algorithms
Operations research Research and development
Game theory Cost benefit analysis
Energy Weapons systems

,.,.,. . old. II c.s~i p  s.d t~~ ,sSfy by block au bs,)

This report briefly summarizes research on the following topics: game theory
and energy; scheduling of large research and development programs; bimatrix
games; cost/benefit analyses; measures of worth of weapons systems; hybrid
primal algorithm; branch and round algorithm. A listing of papers prepared
and published is included.

~~~ ~473 y~~~~~ ç * NOV •Ii$ OUSO~.Et~ Unclassified .~‘OS 751~ J ’O~~
SI CUI *Yy CL AUIPICAVIOM op ~~~j I~~ AaI 

~~~~~~~~~~~~~~~~~~~0~~ -~~~~~ _ _ _ _ _  _ _ _ _ _ _ _



MATHEMATICS OF OPE RATIONS RESEARCH

FINAL RE PORT

13 January 1978

p

U .S. ARMY RESEARC H OFFICE

:~~~“I~AHCO4 74 G 0223; 76 C 0012;

76 G 0305

RICE UNIVE RSITY

P. 0. Box 1892

Houston, Texas 77001

APPROVED FOR PUBLIC RELEASE :
DISTRI BUTION UNL IMITE D ( e f ~Robert H. ThraL l, P1

a,1 
_ _ _ _  _ _ _  _ _ _



. .

THE FINDINGS IN THIS REPORT ARE NOT TO BE CONSTRUED AS AN
OFFICLEAL DEPARTME NT OF THE ARMY POSITION , UNLESS SO DESIGNATE D
BY OTHE R AU THORIZED DOCUMENTS



Guillermo Owen was on sabbatical leave for the year beginning
mid-August 1975. The bibliography lists paper s comple ted and ei ther
published or submitted , under tht auspices of the ARO grant. Since
his return he has had his research suppor ted through NSF grant
MCS-76-23865.

R. M. Thrall has had a number of research interests in thc period
covered by this grant. All of his work has been supported in part by
Rice University ; other sponsors in addition to ARO include the NASA
Space Shuttle Program, NSF-RANN , The Energy Institute of the University
of Houston, and the HEW-RSA (Rehabilitation Service Administration).

T.1. Game Theory and Energy. Initial sponsorship of this work
was by NSF-RANN and Part 2 of the final report to NSF, “A Game Theoretic
Analysis of Al ternate Source Development,” by J. Becker, C. Owen and
LM. Thrall initiates a study that has been carried on by Becker with
ARO support. This paper was accepted for publication in Volume 24 of
Mana~cment Science, but has been transferred for inclusion in a volume
on energy which will be in the North-Holland/TIMS series: Studies in
the Management Sr.iences. The work has two main thrusts, (a) to develop
a game in extensive form which illustrates the potential of game theory
in analyzing conflicts in energy related areas with obvious implications
for energy pol icy formulation and , (b) to investigate the possibility of
incorporating coalition formation into games in extensive form with
special attention to dynamic features and to the stability of coalitions.
(A copy of the final report to NSF has been sent to ARO and is available
through NTIS as PB-260364, in paper back , $5.00, and microf iche $3.00.)
Studies along these lines are still underway as a part of the disserta-
tion research of J. Becker.

T.2. Scheduling of Large Research and Development Programs. This work
was initially sponsored by NASA but the prepara tion of a technical paper
“PLANET: A Simulation Approach to PERT,” by K.W. Kennedy and R.M. Thrall
was partially supported by this grant. (The standard 92 copies were
transmitted to ARO.) This paper has since appeared in Computers and
Operations Research, Vol. 4 (1976) pp. 313-325.

The central feature of this research is the development of PLANET
(Program Length Analysis and Evaluation technique). This system is a
generalization of PERT which permits inclusion of arbitrary distributions
for duration times of activities. This paper was presented (in a paper
fair sessLon) at the Philadelphia TIMS/ORSA meeting in April 1976. This
presentation generated 26 requests for the report, (these have been
fulfilled).

Following an expression of interest in PLANET by Mr. Banesh and
others at the Rock Island Arsenal , ARO arranged for inc to visit Rock
Island in early April . A letter report dated 23 April 1976 discussing
this visit was sent to Dr. J. Chandra of the ARO.

T.3. Btn~atrLx Games. While teaching a game theory course with Luc.-
Raiffa , Gas.. and Decisions as the text , I noted an error in their
analysis of a noncooperative bimatrix game (The Battle of the Sexes).
Their Figure 1. on page 93 gave the incorrect boundtng parabola for one
portion of the sped of payoffs. I assigned inveati~ation of this topic



as a Master ’s thesis to Sergio Batiz, a graduate student attending Rice
(with full supoort from the Mexican Government). He successfully solved
the problem and expanded upon it. For this class the joint payoff space
is non-convex wi th  l inear boundaries except for one quadratic edge. In
one interesting special case the region consists of two triangles in a
configurat ion resembling the wings of a butterfly~ (see diagram)
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Joint Payoff Space

T.4. Benefi t  Cost Analysis. In the last few years I have become interested
in benefit /cost  analysis , especially for the Research and Development project
prioritization. Although none of this research has been sponsored by ARO,I
believe the results are of potential interest to the Army and wil l  cite
several papers.

The following three papers were prepared without any grant support:
(1) Thr al l , R.M. , “Benefi t/ Cost  Est imation , Alternatives , Requirements ,
Advantages and Disadvantages ,” Computer Applications in Health Care
Delivery, Charles Weller , M.D., Ed. (1976) pp. 27-35. Stratton Inter-
continental Medical Book Corporation, New York; (2) Cardus, David and
Robert M. Thrall, “The Concept of Positive Health and the Planning of
Health Care Systems , ” in Health System Modeling and the Information System
for the Coordination of Research in Oncology, Proc. of the IIASA Biomedical
Conference , Dec . 8-12 , 1975, D.D. Venedictov . Ed., pp. 225-238. Also a
revised version of this paper t i t led  “Overview : Heal th and the Plan ning of
Health Care Systems,” appeared in Preventative Medicine, v. 6 (1977), pp.
134 142. (3) The paper , Thrall , Rober t M . and David Cardus , “Benefit Cost
Modeling in the Presence of Multiple Decision Criteria,” also appeared in
Proc. of the IIASA Biomedical Conferenc e, Dec . 8-12 , 1975 , D.D. Venedictov
ed., pp. 225-237. Thrall, Robert M., Archer McWhorter and Richard Sparkman,
“A Benefit/Cost Model for Allocation of Universities ’ Research Funds ,” was
prepared under the sponsorsh ip of the University of Houston Energy Institute
and has not yet been published.

Benefit-cost analysis is related to n-person game theory through the presence
of inultipi. and sometimes conflicting objectives. Recent professional meetings
have indicated a growing general interest in the subject of decision making
under multiple objectives and it would seem that thio problem must arise in
Army planning. Research in this topic is now sponsored by REW-RSA.
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T.5. Measures of Worth of Weapons Systems. I have been interested
in this topic for several years and have reported on it previously.
IXiring this past year I have been consul t ing  with  Mr. Herbert Cohen
(US Army Concepts Analysis Agency) concerning some of his ideas for
generalizing the eigenvalue approach (see Howes, David R., and
Robert M. Thrall, “A Theory of Ideal Linear Weights for Heterogeneous
Combat Forces , ” Naval Research LoRistics Quarterly, v. 20 (1973)
pp. 645-659). I visited CAA twice and held several telephone con-
sultations on this topic . Mr. Cohen presented some of his results
at the 1976 Toronto mathematical meetings.

A suninary of R. D. Young ’s Integer Programing research accomplished
under this ARO contract is given below .

1. Hybrid Primal Algorithm. This work abstracted from existing primal
methods a subset of procedures called the partit ioning primal algorithm
and showed that this procedure organizes the solution of an integer
program into a sequence of solutions of subproblems .

The main result developed in [ 1J was that arbitrary methods
could be used to solve the subproblems generated by the partitioning
primal algorithm. As a consequence, the class of f ini te  primal
methods was extended to include , for example , methods that employed
c .nnbinatorial methods for subproblem solution.

The preceding development al so facilitated analysis of the cause
of observed inefficiency in primal methods. Inefficiency migh t stem
from (i) the methods used to solve the subproblem s generated by the
PPA or from (ii) the way the given problem is factored into subproblems
by the PPA. An initial investigation of this problem was undertaken in
2 J ,  there it was demonstrated that certain methods of implementing

the PPA lead to sequences of subproblems that are apparently quite in-
efficient. Thus~ it is very probably not suff ic ient  to find good
methods for solving the subproblems to achieve computational success
with a primal method. It is necessary to focus attention on the search
for good (or best) methods of implementing the partitioning primal
algorithm and thereby achieve an efficient factorization of the given
problem into a sequence of subproblems .

2. Branch and Round Algorithm. The core concept for this algorithm is
location of an integer solution by “rounding” a central point in a
polyhedron that contains all feasible points with better objective
function value than the best known integer solution. This idea was
used as the basis of successful heuristic procedure by Hillier [ 3 1 .
In (4 J a finite enumerative algorithm is developed from the principle.
Work is in progress to investigate the efficiency of the general method
and to investigate special applications to particular problem structures.

3. Geraldine Myers has developed a new general solution method for solu-
tion of problems of integer programing over the cone. The method has
unique, interesting characteristics and may prove effective against
problems that are difficult for existing methods, (5].
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Publications under Grant DAAG29 76 G0305

C. Oiien:

1972 Optimal Threat Strategies of Bimatrix Games, International Journal of
Game Theory , 1972 , pp. 3 - 11.

Values of Games without Side Payments , International Journal of Game
Theory, 1972, 94-109.

1973 An Outline of Linear Programming, J. Opt. Th. and Appl., 1973, pp 567-589.

A Simple Expression for the Shapley Value in a Special Case , Managemcnt
Science, 1973, pp. 370-372 (with S.C. Littlechild).

1974 A Generalization of Lanchester ’s Laws of Combat, Revista Colombiana de
Matematicas, 1974, pp. 135-143.

A Note on the Nucleolus, International Journal of Game Theory, 1973, v. 3
pp. 101-103.

1975 The Statics and Dynamics of a Variable-Width Moving Belt as an Accelera-
tion-Deceleration Device, Journal of Transportation Technology, 1975.

Asymptotic Stability and Other Properties of Trajectories and Transfer
Sequences Leading to the Bargaining Sets, International Journal of
Game Theory, V. 4, pp. 193-214, 1975. (with Maschler and Kalai)

Evaluation of a Presidential Election Caine, American Political Science
Review, v. 69, 947—953, 1975.

On the Core of Linear Production Games , Mathematical Programming, 9,
358—370, 1975.

A Note on Convergence of Transfer Sequences in n-Person Games, International
Journal of Game Theory, v. 4, pp. 221-228, 1975

Two-Person Bargaining: An Experimental Test of the Nash Axioms, International
Journal of Game Theory, v. 3, pp. 239-249, 1975.

Multilinear Extensions and the Banzhaf Value, Naval Research Logistics
Quarterly, 22, 741—752, 1975.

Accepted for publication, but not yet in print:

Computation of ~qui1ibriuin Price and Quantity Vectors, to appear in
Convex Analysis, Springer Verlag, June 1977.

Values of Market Games without Side Payments, submitted to Mathematics of
Operations Research, 1976

A Game-Theoretic Analysis of Alternate Energy Source Development, to appear
in Management Science, 1978. (with Thrall and Becker)
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Publications cont ’d

R. M. Thrall

1973 A Theory of Ideal Linear Weights for Heterogeneous Combat Forces , Naval
Logistics Quarterly , V. 20 , No. 4, 1973 (with D. Roves).

1976 PLANET - see copy
R. D. Young

1975 The Eclectic Primal Algorithm : A Method that Employs Decoipposition and

Hybrid Subproblem Solution Techniques , Mathematical Programming,
9, 294—312 (1975).
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